Metastable deexcitation spectroscopy was applied to study the surface valence electronic structure of clean cleaved GaAs(110). Metastable deexcitation spectroscopy was flanked by angle-resolved photoemission. An effective surface density of states was derived from the experimental spectrum through deconvolution. Two groups of states were observed in the 0 -4 and 5 -8 eV range of binding energy, respectively. These features were ascribed to emission from surface states. A plane-by-plane tight-binding density-of-states calculation was performed. More quantitative insights were obtained by comparing experimental and theoretical results. The most prominent feature of the first group of states of deconvolution was assigned to surface state As. Contributions from states A4, A3 A1, and A2 were also observed. The doublet of the second group of features was identified with Cq and C1. Relative amplitudes of effective surface density of states were related to surface charge density.
I. INTRODUCTION
Determination of surface and interface electronic structure is one of the main issues in modern surface physics. In&ared optical spectroscopy, photoemission spectroscopy (UPS), 2 electron energy loss spectroscopy, s and inverse photoemission spectroscopy, have been widely used over a period of about twenty-6ve years to obtain energy, wave vector dispersion, and the density of full and empty surface states of clean surfaces and interfaces. Besides this, another crucial property of surface and interface orbitals is charge density, knowledge of which is basic to the understanding of surface geometry, surface reactivity, and surface and interface bonding. However, in spite of this important role, theoretical calculations are to date the main and indeed almost the only source of information on surface charge density (SCD) . From an experimental point of view, orbital resolved information on SCD can be obtained only by means of a few techniques. Extremely interesting results have been obtained with scanning tunneling microscopy, which probes the surface charge with limitation to conducting materials. In semiconductors, its use has been generally restricted to orbitals occurring at energies close to a band edge. The (e, 2e) coincidence spectroscopy gives the Fourier transform of the orbitals. The technique is well established for gases, while its application to surfaces is still at a pioneering stage.
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As far as valence surface density of states (SDOS) is concerned, to date the main body of information has been supplied by photoemission, where the contributions &om the Grst surface atomic plane are in competition with deeper excited planes contained in the escape depth.
Among the spectroscopies, where the excitation is conGned to the surface plane, positron-annihilation-induced Auger-electron spectroscopy has shown interesting results with high surface specificity.
Besides this, following the pioneering work carried out by Hagstrum and co-workers, other spectroscopies based on beams of ionized or excited neutral noble atoms as probes, such as ion neutralization spectroscopy (INS) Refs. 7 and 8 or metastable deexcitation spectroscopy (MDS), s have proven to be extremely sensitive to the outermost features of surface electronic structure. Although the two techniques are very similar &om the point of view of physics and nature of information, MDS has prevailed over INS over the years, due to the fact that it does not involve the experimental difEiculties connected with low energy ion beam focusing, it is completely undestructive, and it is believed to suffer less from broadening effects.
In spite of its being extremely surface sensitive and nondestructive, only a small amount of research on semiconductor surfaces has been based on MDS. An INS study of the GaAs(110) surface was published by Pretzer and Hagstrum in 1966, but information on surface electronic structure was not extracted there&om. MDS spectra of Si(ill) 7x 7 and Si(100) 2x 1 were presented by Masuda et a/. without attempting an in-depth analysis in terms of SDOS.
Presumably, one of the main reasons for this lack of exploitation of MDS on clean semiconductor surfaces can be ascribed to the nature of the deexcitation mechanism on this kind of surface. In fact, because of the value of the semiconductor electron amenity, the most probable deexcitation process is a resonant ionization (RI) followed by an Auger neutralization (AN),~as schematically shown in Fig. 1 (RI+AN Because RI+AN is the deexcitation mechanism, comparison of the experimental spectrum with theoretical predictions of the surface density of states can be done by performing a deconvolution operation on the experimental curve. To accomplish deconvolution, the experimental data were spline filtered (solid line in Fig. 2 ). The deconvolution method adopted is briefly described in the Appendix.
The result of deconvolution is presented in Fig. 3(a) . In Fig. 3(b) , the first derivative of the filtered spectrum is presented. The derivative is known to provide, in a straightforward way, a first approximation to the deconvolution, though not reproducing the relative intensities. Moreover, it gives a good reliability test against the introduction of mathematical artifacts in the deconvolution procedure, as reported in the Appendix.
In both derivative and deconvolution, two broad structures are present, the first, higher in intensity, occurring between 0 and 4 eV of binding energy and the second split in a doublet with structures at 5.9 +0.2 and 7.1 + 0.2 eV, respectively.
The first structure is centered at 1.2 + 0.2 eV and presents a shoulder towards the higher binding energies. The question arises regarding the degree of confidence on the two peaks composing the doublet of the second structure. The doublet originates &om faint slope variations in the spline filtered spectrum, which can be shown by taking the first derivative [see Fig. 3(b) ]. However, it must be stressed that the doublet is independent of the filtering procedure adopted [ Fig. 5 (only the densities of states relative to first and second layer are presented here).
These results have been obtained choosing the surface relaxed geometry (Fig. 6 ) that gives a minimum in total energy calcula- As will be seen in the following, the relaxed geometry gives also the best accordance with MDS results. The surface geometry parameters and the tightbinding parameters employed are those used in Ref. 22 .
The assignment of the MDS observed structures is made on the basis of the comparison with theoretical results and photoemission spectra. At the same time, critically comparing UPS and MDS also leads to the possibility of drawing conclusions regarding the relative surface sensitivity of the two spectroscopies.
Starting from the first structure observed in deconvolution with maximum at 1.2+0.2 eV, its energy is in good agreement with that of state As, obtained by theoretical calculations2o (Fig. 5 ) and observed in AR-UPS measurements (particularly evident at point X of SBZ) (Fig. 4) .
A5 gives the leading contribution in the MDS spectrum for at least two main reasons: A5 shows the maximum of SDOS (top of Fig. 5) ; and, among the surface states, the SCD associated with it is the most protruding into vacuum.
In the region between 0 and 4 eV of binding energy, the asymmetry observed in the deconvolution structure towards the higher binding energies is also reproduced by the calculation. A4 and A3 states, besides A& and A2 resonances, significantly contribute to this asymmetry. This is also evident in AR-UPS measurements, though with a completely diferent intensity ratio. Diferent &om the first layer, the second layer DOS shows a pronounced feature close to the band edge and does not present peaked structures, as can be noticed from Fig. 5(S-1) . The second layer DOS shows high density in the region between 2 and 4 eV of binding energy, which could, in principle, contribute to the observed peak asymmetry. It could be interesting to evaluate the ratio between first and second layer contributions on the basis of a direct first principles simulation of the MDS process. This kind of analysis is out of the aim of present work, though theoretical work in this direction would be helpful.
The intensity minimum of the deconvolution function is centered at about 4.6 eV of binding energy, in agreement with the position of the "stomach" gap of calculated surface band structure. Calculated local DOS shown in Fig. 5 present low density in the same energy position. Similar minima are present also in AR-UPS data, as shown in Fig. 4 Fig. 4 erage experimental spectrum (dots) together with the spline filtered spectrum (solid line) are shown.
Reliability tests
Since mathematical artifacts can be introduced by data handling, it is necessary to be provided with suitable reliability tests.
Concerning the deconvolution procedure, experience, together with previous works in literature, ' shows that reliable results are reached only when the following conditions are satisfied. First, an optimum convergence of the minimization procedure must be achieved, giving a backconvolution of the deconvolution function, which is strictly adherent to the experimental data (the comparison is shown in Fig. 7 , presenting an excellent correspondence). Moreover, f(y) must fulfill two conditions, namely: (a) Function f(y) must never be negative. (b) Structures present in deconvolution should also be present, though with different intensities, in the erst derivative of filtered experimental spectrum.
The erst derivative of filtered experimental spectrum is shown in Fig. 3(b) . Although deconvolution and first derivative are based on completely different mathematical procedures, they show the same number of structures in exactly the same energy positions.
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